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1. INTRODUCTION

Fajardo and Apkarian (1986, 1988a, 1988b) have published experimental results documenting long-

term energy storage (1-2 days) in solid xenon (Xe). The basic principle rests upon the formation (via

laser excitation) and separation of a stable, negatively charged exciplex such as (ClXe2)- and a self-

trapped positive hole (STi) localized on a Xe+ (n = 2-3) molecule. The first step in the formation of

these separated polarons is a cooperative charge transfer excitation involving molecular C12 or HCO and

the Xe atoms in the solid to form

Xe + HO + 2hv -- Xe÷ (HCI)-,

which quickly reacts with another Xe atom to form the more stable tri-atomic exciplex X407. This

exciplex decays primarily from the 42r state through a radiative process with a natural lifetime of 225 ns

(Fajardo and Apkarian 1988). The stability of the STH is related to the stabilization energy associated

wi stalrelaxation effects.

an extension of our earlier studies of rare gas (Rg) atomic and molecular interactions (Chablowski

et al. 1989), we begin this preliminary theoretical treatment of the Rg-halide interactions by studying the

electronic states and electronic transition probabilities between electronic states in HC. This information

will be necessary to understand the results from future studies where we will explicitly include xenon

atoms with the HC, producing electronic states that are mixtures of xenon and HCI. It is also of interest

to determine what effect the use of effective core potentials has on predicting known experimental

molecular properties as well as properties predicted by other ab initio studies. Quantum chemical

calculations are performed on the ground and excited states of HC1, including Effective Core Potentials

(ECPs) (Wadt and Hay 1985), State Averaged-Complete Active Space MCSCF (SA-CASSCF) for

generating state averaged molecular orbitals (MOs), and configuration interaction (CI) calculations to

obtain the final electronic state wave functionsbe primary states of interest are the ground stateX ('I),

and the first two excited in states, i.e., A(lfi)'\- t(lr), and the electric dipole transition moments

coupling the R with the X and• states.

There has been much previous experimental and theoretical interest in the photodissociation processes

of HO due to Its important role in the chemistry of the earth's stratosphere (and that of Venus). It has

also been predicted to exist in interstellar clouds in detectable amounts (Jura 1974; Dalgamo et aL 1974),

but efforts to detect its emission spectra have failed in substantiating the predicted quantities (Jura and

York 1978; Wright and Morton 1979). The earlier theories assumed dissociation after absorption of a
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photon into only the A(Irl) (Roberte, Dalgarno, and Flannery 1981). The A(II) +- X(12-) transition has

been firmly assigned to a broad absorption band occurring at 1,400-1,800 A. The broad nature of the

band is consistent with the theoretical description (Bettendorff, Peyerimhoff, and R. J. Buenker 1982;

Dishoeck, van Hemert, and Dalgarno 1982; Hirst and Guest 1980) of the upper state as being dissociative.

There are reliable experimental (Inn 1975; Romand 1949; Hirst and Guest 1980) estimates of the

photodissociation (absorption) cross section for the A -- X(v" = 0) band, which produces the ground

electronic state atoms. (Some perturbation of this repulsive state by the xenon atoms could play an

important role in the photodynamics observed for HC1 in solid Xe matrices.) The first bound singlet

excited state is the C?(1lI), which is Rydberg in character. This is observed experimentally as an intense

band system with its (0-0) vibrational band at 1,291 A. The vibrational bands appear broadened,

indicating predissociation. It has been suggested that this predissociation occurs (van Dishoeck, van

Hemert, and Dalgamo 1982) by the spin-forbidden process of crossing from the singlet C to the repulsive

13L' state via spin-orbit (SO) coupling(s). The potential energy curves for these two states (Bettendorff,

Peyerimhoff, and Buenker 1982; van Dishoeck, van Hemert, and Dalgarno 1982) show the 13E+ crossing

the t state near the r% for C A theoretical model for photo destruction of HG based on the combined

effects from photodissociation of A and the predissociation of C by the 13Z+ state (van Dishoeck,

van Hemert, and Dalgarno 1982) put the theoretical model for the photochemistry of HCI in substantially

better agreement with the observed terrestrial chemistry and interstellar predictions for the abundance of

HCI. Even though SO coupling could play a significant role in understanding the photo-dcmical

processes both in HCI and HCIXen, we will begin by studying only the low lying singlet electronic states,

with the inclusion of SO effects anticipated at the later stages in studying the Ha-Xen interactions.

2. DETAILS OF CALCULATIONS

The atomic orbital 1AO) basis set used for H consists of four noncontracted s-type primitive Gaussians

(van Duijneveldt 197 1) and one p-type polarization function (%cp = 0.75) (Frisch, Pople, and Binkley 1984),

giving [4slp]. The CI atom is described by a combination of ECPs and Gaussian-type orbitals (GTOs).

The ECPs are those of Wadt and Hay (1985), and the GTOs consisted of three noncontracted s- and p-type

valence AOs with exponents optimized for use with the ECPs (Wadt and Hay 1985). This was augmented

with a negative ion function (ao, = 0.049) and a polarization function (ad = 0.50) as well as a set of

noncontracted Rydberg functions (% = 0.025, ap = 0.020, ad = 0.015) (Dunning and Hay 1977), for a

Cl basis set of [4s,5p,2d]. The H and Cl basis sets can be found in Table 1 and the ECP parameters can

be found in Table 2. The CI method is the symbolic matrix element, direct CI method of Liu and

Yoshimine (1981), and the SA-CASSCF procedure is the general second-order, density matrix-driven

MCSCF algorithm of Lengsfield (1982).
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Table 1. Atomic Orbital Basis Set Used in HCl Calculations

Atomic Contraction
Atom Orbital a-value Coefficient

Ha sl 13.0133721 1.0

s2 1.962496 1.0

s3 .0444569 1.0

s4 0.121953 1.0

pld 0.75 1.0

Clb sl 2.231 1.0

s2 0.472 1.0

s3 0.1631 1.0

s4e 0.025 1.0

p1 6.296 1.0

p2  0.6333 1.0

p3 0.1819 1.0
p4C 0.049 1.0

p5c 0.020 1.0

dlc 0.5 1.0

d2& 0.015 1.0

%See vun Duijneveid (1971).
6See Wadt =nd Hay (1985).

eSee Duming md Hay (1977).

'See FRch. Pople, md Bilcy (1984).
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Table 2. ECP Parameters Used for Chlorine

C .(ECPS) nk dk

d potential

2 3.7704 -1.710217

2 10.5841 -12.866337

2 30.83170 -28.968595

2 165.6440 66.272917

1 94.8130 -10.000000

s-d potential

2 3.8142 35.060609

2 18.0695 115.677712

2 63.5622 275.672398

1 120.3786 12.852851

0 128.8391 3.000000

p-d potential

2 3.1831 15.343956

2 13.2096 107.878824

2 48.9869 280.800685

2 147.4685 613.03200

1 46.5723 7.479486

0 216.5263 5.000000

af Wad and Hay (1985).
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The X('2?) ground state, as well as the •(i11) and (Q(Il) excited states, are calculated over the

bondlength range R = 1.8-10.0 bohr, at increments of 0.10 bohr between R = 1.80-3.00 bohr, with

additional points at R = (3.15,3.30,3.45,3.60,3.75,3.90,4.00,5.00,8.00,10.00) bohr. Due to the symmetry

of the molecule, only one component of each H system need be considered and the transition properties

conected by a factor of 2 when appropriate. In the C2v point group, the ground state X(1.) belongs to

the A, irreducible representation (IRREP), while the 'x component of the ,(I') and C('rI) states belongs

to the B, IRREP. The number of active MOs used in the SA-CASSCF in each IRREP are A, = 4,

B, = 1, B2 = 1, A2 = 0, with no frozen core orbitals outside of the implicit "frozen core" due to the ECPs.

The number of active electrons per IRREP are (2,1,1,0), respectively. The number of states averaged per

IRREP are (2,2,2,0) with weights of wi = (2.,2.,I.,I.,I.,1.), respectively.

In the CI calculations, an implicit set of frozen core orbitals once again existed due to the use of

ECPs, but no other MOs were explicitly frozen out of the electronic excitations, and all virtual MOs were

retained. An equivalent set of frozen core orbitals consisting of 1W2, 202, 302, 402, I x4 was used in

earlier CI studies by both Bettendorff, Peyerimhoff, and Buenker (1982) (BPB), and van Dishoeck, van

Hemert, and Dalgamo (1982) (VVD) on HC. BPB report potential energy curves for many electronic

states but not transition properties, while VVD concentrate on fewer states, but are specifically interested

in the electronic transitions between these states. In the present study, the A1 space contains three

reference configurations, including the closed shell ground state and two excited state configuration state

functions (CSFs) represented by the electronic excitations - The 2 B1 reference CSFs represent

x-+e electronic excitations. Starting with the reference CSFs given in Table 3 for the A, and B1

IRREPs. new CSFs are generated in a two-step process. The first step is to divide the MOs into three sets.

The second step is to distribute the eight valence electrons in all symmetry-allowed combinations within

these three sets, but restricting the electron occupancy in each set according to:

A1 symmetry - Set 1 (6-4 electrons), Set 2 (0-4), Set 3 (0-2),

B1 symmetry - Set 1 (4-2 Electrons), Set 2 (2-6), Set 3 (0-2).

This scheme for generating CSFs was chosen primarily because of its similarity to the MRD-C121 scheme

(excluduig CSF "selection") used by VVD and BPB. The similarity may be found in the fact that this

scheme generates all single and double excitations from "many" reference CSFs, these reference CSFs

being generated by the electron distributions described in MO "Set V" and "Set 2." In the MRDCI
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tL munology, the reference CSFs given in Table 3 would best be labeled as "Main" CSFs. i.e., the largest

contributors to the electivac state wave functions. This should aid in evaluating the effectiveness of

theECPs in predicting molecular properties by facilitating comparison with the widely used and well-teste

ab nidio technique employed by VVD and BPB. Table 3 also describes the MOs included in each of the

three MO sets.

This scheme generated CI expansions of 7,743 and 8,434 CSFs for the A, and B, IRRE2s,

respectively. The lowest three roots of A, and B1 symmetry were determined in the diagonalization of

the CI hamiltonian matrix, but due to the choice of reference CSFs, only the IA, and 1,2B1 roots will be

considered. The current CI expansions am larger than those used in the study by BPB, where the ground

state CI wavefunction contained -4,100 CSFs, and the excited in states had expansions around

4,400 CSFs. VVD-generated Cl wavefunctions contained -3,000 CSFs per IRREP. It must be noted that

the multireference singles and doubles CI (MRD-CI) (Buenker and Peyerimhoff 1975; Bnma, Peyenmhoff,

and Buenker 1980, Buenker and Phillips 1985) method used by these two previous studies contains an

extrapolation technique which effectively calculates the state energies (but not the transition moments)

consistent with CI expansions on the order of 71,000 CSF for the 'r states and 64,000 CSFs for the 'IT

states in the BPB study, while VVD do not report the sizes of the CSF spaces corresponding to the

extrapolated energies, but do report the use of extrapolation.

3. RESULTS

3.1 Properties of the 2(1 -)., Aftl). and &('lM Electronic States. The potential energy curves

(PECs) for the three states of interest are shown in Figure 1. The molecular constants calculated from

these curves are given in Table 4, along with theoretical predictions from other studies and the

experimental values. The vibrational wave functions, X,(R), and frequencies are obtained from the

potential energy curves for each state by solving numerically the radial Schroedinger equation for nuclear

motion while ignoring rotational effects. Our results for the ground state, R, give r. = 2.43 bohr and

we = 2,983 cm"1 in good agreement with the experimental values (Huber and Herzberg 1979) of r, =

2.408 bohr and (o = 2991 cm"1. The other theoretical studies listed in Table 4 also calculate these two

properties to be in generally good agreement with experiment. For the c('rI), the first bound ir state,

the current values for r. and Co( are 2.62 bohr and 2,857 cm-', respectively, while the experimental values

(Tilford, Ginter, and Vanderslice 1970) are 2.55 bohr and 2,817 cm"1, respectively. The theoretical work

of BPB predicts r. = 2.60 bohr and o), = 2,520 cm"n, and VVD predicts r. = 2.68 bohr (no (p reported).

Even though BPB's bondlength is in slightly better agreement with experiment than the current valu, their

we differs by -300 cm"1 from the current value and experiment

7
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3.2 The Aft +- k(l-) Transition. The theoretical and experimental properties for the A +- R and

+- R transitions are summarized in Table 5. The X-component of the electric dipole transition moment,

versus rHa predicted in this study, is plotted in Figure 2. As in VVD's study, our calculations show

a rapidly decreasing jýe with increasing rH.Cl, especially in the region near r.. Experimentally, there

is a broad absorption band with a maximum appearing near 8.0 eV, which is clearly assignable to the

,(flr) +- X(I') transition. The absorption represents a photodissociation cross section (van Dishoeck,

van Hemeft, and Dalgarno 1982), a,. of HC1 due to excitation into the repulsive A state (see Figure 1).

Ai (R MC xX R 12 C

OV 1.25 x 0aR)>1 cm2  (I)

where g is the degeneracy of the excited electronic state and M g., the electronic electric dipole transition

moment, is defined as

MjW*(R) W 4A (2)

The integral in Equation 1 is solved numerically. Figure 3 shows the results from our vibrational

treatment where we predict the photodissociation cross section, ov-.O, versus AE. Our maximum cv..O

value is calculated to be 3.86 x 10"i1 cm2 at AE = 7.99 eV, in good agreement with the experimental

value (Inn 1975) of 3.8 x 1018 cm2 at AE - 8.0 eV. In the ab initio work of VVD, they calculate o,..,O

versus AE using both Gaussian and Slater AOs, and different sets of MOs as expansion vectors in their

Cis. Their maxima (see their Figure 8) for av,.O also occur at AE - 8.0 eV and range from -3.6 to

-4.2 x 1013s cm 2, giving an average of -3.9 x 10-18 cm2, in close agreement with both the experimental

and the current value. It is interesting to note that VVD achieved good agreement with the experimental

maximum for or,.o by averaging the results of several SCF plus CI calculations, while the present study

obtained this agreement from a single set of AOs and MOs, which is most likely attibutable to using MOs

generated from the state averaged CASSCF procedure instead of an SCF. The photodissociation cross

section for absorptions from the lowest four vibrational levels are shown in Figure 4 which again closely

resemble those of VVD. The band patterns reflect the nodal structure of the vibrational wavefunctions

as v" increases from v' = 0 -+ 3.

10
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3.3 he & Transition. For the C(tU-) +- transition, experiment gives AEoo

- 9.608 eV, in good agreement with our value of 9.63 eV. The oscillator strength, fv.,., is defined as

fv" 2 g'-A E (au)" -I < -I Me (R)IXcv, >12. (3)

The oscillator strength for the ,- X 0-0 transition resulting from the vibrational analysis is foo = 0.175,

differing by 5% from the experimental value foo = 0.185 ± 0.037 (Smith et al. 1980; Romand 1949), and

well within the experimental uncertainty. VVD calculated foo using various PECs and dipole moments

obtained from Gaussian and Slater AOs and using MOs optimized for different states, and found values

for foo ranging from foo = 0.09 to foo = 0.14. TheMr- foo 0.14 value, which differs by 24% from

expenment, came from using the all-Slater PECs and dipole moments with the X('HI) MOs. In the all-

Slater calculations, they predicted the fov, values for v' = 0-3. And finally, they recalculated the fo,/'s with

an RKR (Oglivie 1981) potential for the C(I1) state, an empirical potential for the ground state, and used

the dipole moments from their Slater calculations with the A('ir) MOs. The dipole moment curve was

uniformly shifted by 0.1 bohr to smaller ry•a values because of the difference in the r. calculated from

the Slater orbitals versus the r. predicted by the empirically fit PEC for the ground state. This approach

produced a slightly larger foo value of 0.15, which is 19% smaller than experiment but falls within the

experimental uncertainty.

The experimental and theoretical predictions of for" for V = 0-3 are collected in Table 6. The

agreement between the fol value from the present study and experiment is poor, with the theory predicting

fol = 0.077 and experiment giving fol = 0.022, although the experimental value could be off by as much

as a factor of two. The earlier theoretical work of van Dishoeck et al. gets fol = 0.024 for the analysis

utilizing empirically derived PECs and theoretically derived dipole moments. This value is in excellent

agreement with experiment Their fo,' values calculated from the all-Slater theoretical treatment are quite

similar to their mixed empirical-theoretical results for v' = 0-2. Overall, the present study predicts the foo

oscillator strength in good agreement with experiment, but oscillator strengths considerably larger than

experiment (or the previous theoretical study) for v' = 1-3. In comparison, the theoretical study of VVD

calculate an oscillator strength in excellent agreement for v' = 1, but an f~o value that differs from

experiment by at least 19%.
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4. DISCUSSION AND CONCLUSIONS

The current values predicted for the X, A. and C state properties are seen to compare well with

experiment and previous theoretical treatments of HCI. One noteworthy difference between this study and

previous theoretical studies is the w. for the C state, where our value differs from experiment by 40 c&n1

and the best previous theoretical value by BPB differs from experiment by -300 cm-1.

With regards to the transition properties, our photodissociation cross section for the A 4-

absorption very closely reproduces the experimental spectnrm and the earlier theoretical spectrum of VVD.

For the C 4- I transition, our foo = 0.175 supports the higher experimental estimates of 0.185 reported

by Smith et al. (1980). This casts some doubt on the lower range of values predicted by the best previous

theoretical treatment where foo ranges from 0.12 to 0.15 (van Dishoeck, van Hemert, and Dalgamo 1982)

The current value for lo, is 0.077 versus the experimental estimate 0.022 and the earlier theoretical

value of 0.024. At first glance it would appear that our value for fol must be in error, but the remainder

of the data calculated here for the X and t states suggests otherwise. For example, our o0e = 2,983 cm"1

for X is in excellent agreement with the experimental value of 2,991 cm-1 . This suggests that the shape

of our PEC for X near the minimum is quantitatively accurate. And for the C state, our o, is 2,857 cm"1

with experiment giving 2,817 cm- , again in good agreement. The experiment of Tilford and Ginter

(1970) predicts the energy separation between v' = 0 and V = I to be 2,700 cm-1 while this study predicts

2,660 cm"1, again in excellent agreement This would support the claim that the shape of the current PEC

for the t state is also quantitatively accurate. Couple this information with the observation that our r.

values for both the X and ? states are in good or better agreement with experiment than those from VVD,

and one might conclude that our foo and fol values should be more accurate than those of VVD and offer

quantitatively accurate values for these oscillator strengths.

The results presented in this study indicate that modest sized atomic basis sets, combined with the use

of effective core potentials, MOs generated from state averaged-CASSCF, and modest sized CI

wavefunctions, provide quantitative predictions for the transition properties in HCl. It should be possible

to apply this level of theory to the HCI + Xen system with the expectation of obtaining at least semi-

quantitatively accurate results within the initial approximation of ignoring SO effects.
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